Summary Zinc (Zn)-deficiency causes a reduction in food intake and alters adipose metabolism. The effect of zinc restriction in rats on the selection of fish-oil and lard was studied during a period of reduced appetite. The reduction of appetite was caused by an experimentally induced Zn-deficiency. Four-week-old male rats were divided into three dietary treatment groups: Zn-adequate (ZnA, 30.9 mg Zn/kg), marginal Zn-deficient (ZnM, 5.9 mg Zn/kg) or Zn-deficient (ZnD, 0.9 mg Zn/kg). The three groups were placed on a self-selection regimen of the ZnA-fish-oil diet (ZnA-FD) and the ZnA-lard diet (ZnA-LD), the ZnM-FD and the ZnM-LD or the ZnD-FD and the ZnD-LD, respectively for 24 d. The amount of the FD intake in the ZnD group decreased to 0.5 g/d after day 4-6 of self-selecting on the LD and the FD and no significant increase in the FD intake in the group was observed during the self-selection period. However, after day 7-9 and 13-15, the FD intake of the ZnA and the ZnM groups increased, respectively, and at the end of the self-selection period the ZnM and the ZnA rats consumed about 2.0 g FD/d and 4.5 g FD/d, respectively. The FD intake ratio [FD intake (g)/total intake (g)] in the ZnD rats during the self-selection period was the lowest and that in the ZnA rats was the highest of three groups. In conclusion, we showed that zinc status alters fish-oil and lard selection patterns and ZnD rats did not show a preference for fish-oil.
Zinc (Zn) is one of the essential trace elements and is required for many physiological functions. Both humans and animals with a Zn-deficiency exhibit a wide variety of symptoms, including taste disorder, poor appetite, anorexia, impaired growth and dermatitis ( 1 , 2 ) . Within 3 to 5 d after giving rats a Zn-deficient (ZnD) diet, food intake decreased due to a drop in appetite ( 2 , 3 ) . This decreased intake is the first sign of Zn-deficiency, and then other symptoms associated with Zndeficiency occur ( 3 ) . Therefore, Zn may play an important role in the regulation of food intake. From a wholebody perspective, ZnD rats have significantly reduced body weight and carcass fat, and lower circulating leptin and insulin concentrations compared to a Zn-adequate (ZnA) group (4) (5) (6) .
On the other hand, Zn and fatty acids (FAs) are known to alter FA composition in membrane and tissues ( 7 , 8 ) . Furthermore, Zn-deficiency has been shown to alter metabolism of essential FAs towards increased ␤ -oxidation and greater utilization of linoleic acid in the de novo lipid synthesis ( 9 ) . This may affect the amount and distribution of FAs in fat tissues.
It has also been recognized that the kind of oils and fats ingested alter FA metabolism and is related to hyperlipidemia and risks of obesity and coronary heart disease (10) (11) (12) (13) . We reported previously that, when rats were placed on a self-selection regimen of a low-fat diet (LFD) and one of three kinds of high-fat diet (HFD) containing lard, soybean-oil and fish-oil, preference for the lard-HFD was higher than that for the soybean-oil-HFD and the fish-oil-HFD. In addition, the fish-oil-HFD prevented overconsumption of fats ( 14 , 15 ) . Although fish-oil is nutritionally less desirable, when rats were placed on a self-selection regimen of a lard diet (LD) and a fish-oil diet (FD), they had the ability to consume both diets to obtain an adequate ratio of essential FAs ( 16 ) . We also reported that the lard-HFD had food properties preferable to those of the LFDs because energy density (kcal/g) of the HFD is higher than those of the LFDs ( 17 ) . On the other hand, a HFD (60% kcal) containing either soybean-oil or lard is reported to produce obesity and glucose intolerance in C57BL/6J mice. The combination of obesity and higher intake of linoleic acid was associated with impaired glucose tolerance ( 18 ). Villet et al. reported that Zn-deficiency led to a decreased tissue and plasma n -6/ n -3 ratio in both triacylglycerols and phospholipids and this effect was more marked in the Mexepa ® (source of n -3 marine FAs) group than in the corn-oil group ( 19 ) . Further, as Zn-deficiency results in taste abnormalities and a reduction in food intake, and also alters FA metabolism, we were particularly interested in examining whether the Zn level in diets affected preferential fish-oil intake in rats. The objective of this study was to investigate the change of preference for the diets containing fish-oil or lard in rats under structural and functional disorders induced by a Zn-deficiency. By observing the preference for these diets during the appearance and duration of Zn-deficiency, we would like to provide evidence that contributes to a better understanding of how consumption of a ZnD diet may lead to anorexia.
MATERIALS AND METHODS

Animals and diets.
Four-week-old male Fisher 344 rats were commercially obtained from Charles River, Inc. (Kanagawa, Japan). They were housed individually in stainless steel cages in a room kept at 23 Ϯ 1˚C at 50% humidity and illuminated in cycles of 12 h light/ 12 h dark (lights on from 7:00 to 19:00). The rats were given free access to food and deionized water (Milli-Q; Millipore). They were weighed and food intake was measured every day from 10:00 to 12:00. Diets containing fish-oil were freshly prepared each day immediately prior to feeding the diets to avoid the oxidation of the fish-oil.
The composition of the powdered ZnD diet is shown in Table 1 . The FA composition of the diets is shown in Table 2 . The n -6/ n -3 of the LD and the FD was 7.2 and 0.78, respectively. Lard, soybean-oil and dietary components were obtained from the Oriental Yeast Co., Ltd. (Tokyo, Japan). Fish-oil (sardine oil) was obtained from Nihon-Yushi Co. (Tokyo, Japan). In order to avoid an n -6 fatty acid deficiency, soybean-oil (3 g/100 g diet) was added to the ZnD diet. ZnCO 3 was omitted from the AIN-93G mineral mixture ( 20 ) . The content of Zn in the ZnD diet was 0.90 mg/kg. Five and 30 mg Zn/kg diet were added to the ZnM (marginal Zn-deficient) and the ZnA diets, respectively. Therefore, Zn content in the ZnM and the ZnA diets was 5.9 and 30.9 mg Zn/kg, respectively.
All procedures were performed in accordance with the Animal Experimentation Guidelines of the Laboratory Animal Care Committee of Seitoku University.
Experimental design. Eighteen 4-wk-old male rats were fed an AIN-93G diet containing 7% soybean-oil for 3 d before the experiment to allow acclimatization to their new environment. Then, rats were divided into three groups of six rats each (ZnD, ZnM and ZnA groups). All rats were placed on a two-choice diet program in which they self-selected from two food cups, each containing either the LD or the FD. The ZnD, the ZnM and the ZnA groups received the ZnD-LD and the ZnD-FD, the ZnM-LD and the ZnM-FD or the ZnA-LD and the ZnA-FD, respectively. After 24 d, all rats were anesthetized. There was no fasting after the feeding period. Blood was collected by heart puncture with a heparinized syringe. The blood was centrifuged at 1,000 ϫ g for 30 min to separate the plasma, which was then stored at Ϫ 80˚C until analysis. Liver and perirenal white adipose tissue were removed and weighed.
Analytical methods . Liver lipids were extracted by the methods of Folch et al. ( 21 ) . Triacylglycerol (TG) and total-cholesterol (T-cho) concentrations in plasma samples and liver extracts were measured using test kits (TG: Triglyceride E-test Wako, T-cho: Cholesterol E-test Wako, Wako Pure Chemical Industries, Ltd., Osaka, Japan). Zinc, insulin and leptin concentrations in plasma samples were measured using test kits obtained from Wako Pure Chemical Industries (zinc: Zn-test Wako, insulin: Rat Insulin ELISA Kit, leptin: Rat Leptin ELISA Kit). Tables 2 and 3 , and two-way ANOVA in Fig. 1 ). Differences in values between groups were tested using Scheffe's multiple-range test. Differences were considered significant at p Ͻ 0.05.
RESULTS
During the 24-d experimental period, the rats that self-selected the ZnD-LD and the ZnD-FD showed symptoms of Zn-deficiency, such as sparse and coarse hair, poor appetite and limited movements. However, groups that self-selected the ZnM-LD and the ZnM-FD, and the ZnA-LD and the ZnA-FD appeared to be healthy. The plasma-Zn concentration in the ZnD group was the lowest and that in the ZnA group was the highest among the three groups ( p Ͻ 0.05) ( Table 4) .
Although total food intake (LD ϩ FD) during the 24-d experimental period in the ZnD group was significantly lower than that in the other two groups ( p Ͻ 0.05), no significant difference in the total food intake was observed between the ZnA and the ZnM groups (Table  3) . Further, the energy efficiency ratio (g gain/kcal energy) during the 24-d experimental period in the ZnD group was significantly lower than that in the other two groups ( p Ͻ 0.05). However, no significant difference in the ratio was observed between the ZnA and the ZnM groups. Therefore, at the end of the experimental period, the body weight in the ZnD group was lower than that in the other two groups ( p Ͻ 0.001) ( Table 4) . Although the total LD intake in the ZnD group was lower than that in the other two groups ( p Ͻ 0.05), no significant difference in the LD intake was observed between the ZnA and the ZnM groups. On the other Table 3 . Food intake and ratio of fish-oil diet intake of groups fed the ZnD, the ZnM or the ZnA diet for 24 d. hand, the total FD intake in the ZnD group was the lowest and that in the ZnA group was the highest among the three groups (pϽ0.05). Therefore, the FD intake ratio in the ZnD group was the lowest and that in the ZnA group was the highest among the three groups (pϽ0.05). The FD intake ratio during the experimental period is illustrated in Fig. 1. Within the 1-3 d of the self-selection period, no significant difference in the FD intake ratio was observed among the three groups. However, the FD intake ratio in the ZnD group decreased to about 5% on day 4-6 after self-selecting the LD and the FD and a significant increase in the ratio was not observed during the experimental period. The ratios of the ZnM and the ZnA groups significantly increased after 13-15 d and 7-9 d of the self-selection period, respectively. Therefore, after 7-9 d, the ratio of the ZnD group was the lowest and that of the ZnA group was the highest among the three groups. At the end of the self-selection period, the ZnD, the ZnM and the ZnA rats consumed about 0.5, 2.0 and 4.5 g FD per day, respectively.
Group
Although perirenal white adipose tissue weight of the ZnD group was lower than those of the other two groups (pϽ0.05), no significant difference in the weight was observed between the ZnA and the ZnM groups (Table 4) . No significant difference in liver weight (g/ 100 g) was observed among the three groups. TG and T-cho concentrations in the livers of the ZnD group were lower than those of the other two groups (pϽ0.05). Plasma TG concentration in the ZnD group was lower than that in the ZnA group. Plasma T-cho concentration in the ZnD group was lower than that of the other two groups (pϽ0.05). Although no significant difference in plasma insulin concentration was observed among the three groups, plasma leptin concentration in the ZnD groups was lower than that in the other two groups (pϽ0.05).
DISCUSSION
Rats, deprived of dietary Zn and given a choice between two diets containing lard or fish-oil reduced their total dietary intake and experienced a drop in growth rate. The marginal Zn-deficiency did not reduce body weight or total food intake in rats. Ohinata et al. reported that on day 5 after consuming the ZnD diet (0.7 mg Zn/kg), plasma-Zn concentration had decreased in the ZnD group compared with the Zn-sufficient and pair-fed control groups (3). They also reported that daily food intake had begun to decrease immediately after feeding the ZnD diet and the body weight of the ZnD group decreased accompanied by a reduction in food intake. However, the mechanisms by which Zndeficiency induces anorexia are unclear.
One major aim of this study was to examine the preference or lack of preference for the FD while experiencing ZnD conditions. Utilizing the two-choice diet selection of the LD and the FD, we found different preferences and selection patterns for the FD among these three groups. After a temporary decrease, the FD intake ratio of the ZnA and the ZnM groups clearly increased.
However, no significant increase in the FD intake of the ZnD group was observed during the experimental period. We reported previously that when rats that had been fed either the LD or the FD for 6 wk were placed on a self-selection regimen of both diets, both groups of rats counteracted the shortage of FAs at the beginning of the self-selection period and consumed the LD and the FD to maintain n-6 FAs/n-3 FAsϭ2.7 (16) . From these results, we assumed that rats had the ability to self-select lipids in an adequate essential FA ratio spontaneously. However, in this study, as the rats that were fed the ZnD diet exclusively selected the LD over the experimental period, we assumed that rats fed the ZnD diet were deprived of their ability to self-select oils and fats in an adequate essential FA ratio.
Zn has been implicated in altered adipose metabolism, insulin resistance and obesity (22, 23) . Peripheral hormones like insulin and leptin affect food intake and energy consumption through its receptors in the hypothalamus (24, 25) . It was reported that regulating leptin expression or secretion could be a factor in anorexia resulting from Zn-deficiency (26) . In this study, although circulating leptin was reduced in the ZnD rats, insulin was not reduced significantly (pϭ0.054). Reduced leptin levels indicated that leptin was responding, signaling low body-fat levels during Zn-deficiency. Therefore, it seems that leptin is not a dominant factor in the development of anorexia caused by Zn-deficiency. Leptin rather may respond to the effects of Zn-deficiency on food intake. Because hormonal control of appetite is complex, the relationship between Zn status and leptin in animals remains unclear.
Dietary Zn and FAs are known to alter membrane and tissue FA composition (8, 9) . Altered FA composition may influence several processes related to insulin resistance, such as hormone binding, signal transduction, and availability of precursor molecules for lipid synthetic and catabolic pathways (25, 26) . By observing the FD preferences during the development of Zndeficiency, we provide evidence that contributes to a better understanding of anorexia resulting from consumption of Zn-deficient diets. Further research is necessary to clarify the relationship between a drop in appetite and Zn-deficiency.
Many reports showed that diets enriched with fish-oil containing n-3 polyunsaturated FAs reduce blood lipid concentration (16, (27) (28) (29) . In this study, although consumption of the FD in rats fed the ZnD diet was lower than that in rats fed the ZnA diet, the plasma and liver lipid concentration of the ZnD rats was significantly lower than that of the ZnA rats. Similarly, Cunnane reported that rats fed ZnD had less fatty acid (mg/g) in liver triglycerides than rats fed control diet (7) . It would appear that the decrease in the plasma and liver lipid concentration of the ZnD rats was not directly affected by the FD, but was instead a result of a Zn-deficiencyinduced reduction in food intake, since ZnD rats have significantly reduced body weight and carcass fat, and lower circulating leptin concentrations compared to ZnA rats.
The present study revealed that ZnD rats exclusively selected the LD. In the past, little study was done on whether and how the odors of oil and fat affected selection during food preference tests. However, the difference in FA composition between lard and fish-oil is relevant to the physical qualities of lipids, such as their melting point, viscosity, emulsification and plasticity (30) . The physical qualities of lipids are one of the factors influencing food preference. However, to our knowledge, no studies have been conducted in which preference for oil and fat by rats was based on the taste or odor of the oil and the fat. Nor have studies have been conducted to determine the role of taste and odor in lipid preference during Zn-deficiency.
In conclusion, our data demonstrate that, by using this self-selection system, fish-oil was not preferentially ingested by ZnD rats. Dietary fat altered body fat deposition and adipose tissue FA composition, reflecting the FA composition of the diet. Further, n-3 polyunsaturated FA modulates many genes and affects the expression of several key proteins implicated in lipid metabolism and energy utilization (31) . The difference of FA composition in fish-oil and lard might affect the preference for the FD and the LD due to involvement of n-3 polyunsaturated FA in the lipid metabolism. This study was a preliminary study designed to examine the effect of Zn-deficiency on preferences for fish-oil and lard. Further studies are needed to clarify the relationship between zinc status and preference for oils and fats.
